Introduction

MRP-related genes and expressed sequence tags (ESTs)
The discovery of the human multidrug resistanceassociated protein (hMRP) involved in conferring a multidrug resistant phenotype to tumor cells by Cole et al., 1992 [1] , was a landmark in our improved understanding of the molecular basis of multidrug resistance. It subsequently became clear that the majority of non-P-glycoprotein mediated multidrug resistance is due to the overexpression of hMRP. The clinical importance and the functional characteristics of this transporter have been the subject of several reviews in recent years [2] [3] [4] [5] , and according to our current understanding hMRP probably transports both hydrophobic anticancer agents and anionic (e.g. glutathione) drug conjugates, and its physiological functioning may provide a wide range of cellular xenobiotic resistance [1, [6] [7] [8] [9] .
Both known human multidrug resistance transporters, P-glycoprotein (Pgp or hMDR1) and hMRP, together with several other bacterial and eukaryotic transporters, are members of the ABC transporter (ATP-Binding Cassette) protein family. In most cases these proteins were demonstrated to function as transport ATPases hydrolyzing ATP in conjunction with transporting their substrate molecules through cellular or intracellular membranes. These proteins share a common molecular architecture, i.e. they are built from combinations of conservative domains, that is ATP-(nucleotide-) binding ABC units, and characteristic membrane-embedded regions.
The ABC transporters form one of the largest known protein family, e.g. 29 ABC transporter genes have been identified in the budding yeast, Saccharomyces cerevisiae by the corresponding genome sequencing project [10] . Altogether several hundred ABC transporter entries can be found in various databases.
When hMRP was cloned and sequenced, analysis of its primary amino acid sequence revealed that this protein is more closely related to the cystic fibrosis transmembrane conductance regulator (CFTR) than to Pgp [1] . During the past few years numerous homologs of hMRP have been identified, forming a possible sub-family of ABC transporters.
MRP may not have close homologs among bacterial ABC transporters, but this is definitely not the case with ABC transporters in lower eukaryotes. After the complete sequencing of the yeast genom, an inventory of the yeast ABC proteins was published [10] . According to the classification based on pairwise amino acid sequence comparisons, there are six 'MRP-like' ABC transporter genes in the yeast genome. This subcluster includes the cadmium factor (YCF1), which transports metallothionein-conjugated metal ions [11] and glutathione conjugates [12] , the multispecific anion transporter, YOR1/YRS1, which plays an important role for in tolerance of toxic environmental organic anions [13] , and four other genes (or pseudogenes) with as yet unknown biological function.
MRP-homologs of Caenorhabditis elegans have also been identified which contribute to heavy metal resistance in this nematode [14] .
Several homologs of hMRP are present in mammals. The sulfonylurea receptors SUR1 and SUR2 are . glycoproteins present in pancreatic cells and in cardiac and skeletal muscle, involved in the regulation of ATP-sensitive K + channels [15, 16] . In 1996 two new MRP-related ABC transporters were identified: the liver canalicular multispecific organic anion transporter (cMOAT [17, 18] ), exporting conjugated bile salts, and its close homolog, the epithelial basolateral chloride conductance regulator (EBCR), which was suggested to regulate specific chloride channels [19] .
When the human expressed sequence tag (EST) database has been subjected to a search for new ABC sequences, 21 new ABC genes were identified and mapped [20] , and three new ESTs were suggested to be close relatives of hMRP. The same three ESTs were identified as close MRP-homologs by an independent study [21] , bringing the number of MRP-related human genes to five. In this classification hMRP1 is the multidrug resistance-associated protein, desribed by Cole et al., 1992 [1] , hMRP2 is the liver canalicular multispecific organic anion transporter (cMOAT [17, 18] ), and the new genes of the identified ESTs are named hMRP3, hMRP4 and hMRP5 [21] . The full sequence and the physiological role of these new hMRP-proteins is still unknown, but based on their tissue localization, they were suggested to play a role in detoxification processes by transporting organic anions and/or their conjugates, similar to MRP1 and MRP2 [21] .
First Prediction for Membrane Topology of hMRP and its Experimental Examination
According to the original sequence analysis by Cole et al. [1] , hMRP was predicted to contain 8 + 4 transmembrane (TM) helices, each set of helices followed by an ABC unit. Possible glycosylation sites were suggested on the extracellular loops between helices 3-4, 9-10, and 11-12 ( Figure 1A) . In order to examine this predicted membrane topology, a series of hMRP-specific monoclonal antibodies were generated [22] . One of them, QCRL-1, recognized an intracellularly-localized epitope in the linker region between the first ABC unit and the C-terminal transmembrane region [23] . QCRL-1 was also utilized to examine a protease-hypersensitive region of the protein [23] . By using various enzymatic and chemical degradation procedures it has been demonstrated that the reactive epitope of this MAb is located in a region encompassing amino acids 903-956. The epitope was further narrowed to a heptapeptide region (amino acids 918-924), by using synthetic peptides. It has also been shown that protease-hypersensitive sites can be found on both sides of this epitope [23] . The intracellular localization of QCRL-1 epitope is in accordance with the original membrane-topology prediction.
Based on the predictions of the model by Cole et al. [1] two monoclonal antibodies were generated against bacterial fusion proteins containing large segments of hMRP [24] . The first fusion protein carried a sequence between amino acids 192-360, predicted to be located in the N-terminal extracellular loop of the transporter, while the second contained segments 1294-1430 plus 1497-1531, both from the predicted intracellular C-terminal part (these sequences are highlighted on Figure 1 ). According to detailed studies, both of the resulting MAbs (R1 and M6, respectively) were found to react with hMRP on immunoblots or in permeabilized cells, but did not recognize hMRP in intact cells [24] . The finding that MAb R1, raised against the N-terminal fusion protein, did not recognize hMRP on the cell surface, challenged the original model, and could be interpreted as evidence that both MAbs recognized internal epitopes. However, as an alternative explanation for the lack of reactivity it was suggested that MAb binding could be inhibited by an epitope-shielding effect of carbohydrate side-chains or a specific tertiary structure of this extracellular region [24] .
In further experiments carried out in our laboratory, it has also been found that the monoclonal antibody R1 does not recognize hMRP on the cell surface, only in permeabilized cells, and shown that this recognition is not different in cells expressing either the fully glycosylated or non-glycosylated forms of hMRP [25] . Inhibition of glycosylation in intact cells did not alter the transport function of hMRP, thus proving that the transporter is in its native conformation. These results do not support the possibility that complex carbohydrate side-chain(s) might shield the relevant epitope, but indicate that this segment is indeed intracellular.
In related experiments, membrane preparations obtained from cells expressing either the fully glycosylated or the unglycosylated forms of hMRP, were subjected to limited tryptic and chymotryptic digestions. Both MAbs R1 and M6 were applied to identify the proteolytic fragments of hMRP by immunobloting [25] . Based on these experiments we concluded that there are two preferentially accessible proteolytic sites on the cytoplasmic side of hMRP. One of these sites was found to be localized within the segment 192-360, used to generate MAb R1, while the second site was in the linker region, in harmony with the results of Hipfner et al., [23] discussed above. Each of the three large proteolytic fragments obtained were found to be membrane-embedded, and both the C-terminal and the N-terminal fragments were glycosylated [25] . Our recent data indicate that the second membrane-bound domain of hMRP is probably not glycosylated. When hMRP was digested with trypsin, no size-difference between the glycosylated and underglycosylated forms of this domain was observed on an immunoblot developed with a polyclonal antibody raised against the first ABC domain of hMRP (Sarkadi et al., unpublished).
Revised Membrane Topology Prediction for hMRP and its Experimental Examination
Since numerous experimental data strongly argued against the first membrane topology model [1] of hMRP, new models were devised to accommodate these data and to find the correct topology of the MRP-related proteins. Due to the difficulty of crystallizing large membrane proteins, no detailed threedimensional structure of any member of the ABC transporter family is currently available. Thus empirical prediction methods have been used to obtain molecular models of their structure, especially to predict the locations, the numbers and orientations of the membrane-spanning helices. However, the correct prediction of the membrane topology of proteins with multiple membrane-spanning segments, is not a routine undertaking [26] .
As mentioned above, the original sequence analysis of hMRP predicted that the protein contains 8 + 4 TM helices, each set of helices being followed by an ABC unit. Interestingly, in the original sequence analyses, YCF1 was predicted to contain 6 + 6 (the N-terminal, approx. 200 amino acids, was left out from the analysis), SUR 9 + 4, while cMOAT and EBCR 8 + 4 TM helices, again each set of helices is followed by an ABC unit. In a recent review by Keppler and Konig [27] a similar, 9 + 4 helix structure is presented for MRP2/cMOAT. Apparently these analyses were performed by the mechanistic application of the available hydrophobicity/membrane topology prediction algoritms, or, in the case of the recently described MRP-homologs, simply followed the original membrane topology model of hMRP [17] [18] [19] 27] .
The revised membrane topology models for hMRP have been independently forwarded by two research groups [25, 28] . Bakos et al. [25] compared the amino acid sequence of hMRP with two members of the ABC protein family: the yeast cadmium resistance protein, YCF1, which seems to be one of the closest relatives of hMRP [11] ; and the human CFTR, which has a close position to hMRP on the relative similarity dendrogram [1, 11] , and whose membrane topology has been established experimentally [29] . We found that when the CFTR and MRP sequences were aligned, the hydrophobicity analysis of the aligned sequences yielded a close matching of the transmembrane segments, thus suggesting a six + six transmembrane helix topology for hMRP as well ( Figure 2B ). However, hMRP contained an additional N-terminal segment of about 230 amino acids, which had no counterpart in CFTRs (or MDRs), but closely resembled the N-terminal region of YCF1. On the basis of these hydropathy profiles and limited proteolysis experiments, the mostly hydrophobic N-terminal segments of both YCF1 and hMRP were suggested to be membrane embedded with four or five transmembrane helices predicted for both proteins.
In parallel studies combining a description of cloning of the murine MRP, Stride et al. [28] studied the hydropathy plots of several ABC transporters (mouse and human MRPs, Pgp, YCF1 and rat SUR), in order to analyze the organization of potential membrane-embedded domains. They also noticed that hMRP contains an N-terminal domain with no counterpart in Pgp, but closely related to that in mouse MRP, YCF1 and SUR (see also Paul et al., Ref. 30) .
A revised membrane topology model for hMRP, based on the predictions and on the experimental results discussed above, is shown on Figure 1B . This model, in accordance with the relevant limited proteolysis data and comparative analysis of the related proteins, proposes three major transmembrane domains, TMD0, TMD1 and TMD2, separated by large cytoplasmic loops. In the amino acid sequences potential N-linked glycosylation sites can be found on the predicted extracellular portions of all the three membrane-bound regions, but TMD1 is not glycosylated [25, 31] . In the current model we depict five transmembrane helices in the TMD0 region, as Nglycosylation sites within the first 25 residues of all MRP-related mammalian proteins suggest an outside localization of the N-terminus (see below), which is consistent with five TM helices.
In fact, the N-glycosylation of the N-terminus of hMRP has recently been demonstrated experimentally [31] . By site-directed mutagenesis it was established that Asn 19 and Asn 23 are utilized for glycosylation. These results mean that the N-terminus of hMRP is indeed extracellular and support the five TM helix structure of the TMD0 domain. In an other study epitope insertion and immunofluorescence were used to investigate the membrane topology of the N-terminal half of hMRP [32] . A ten amino acid antigenic peptide was inserted in the predicted hydrophilic segments within the N-terminal membrane-associated regions of the protein, into positions 4, 163, 271, 574 and 653. Epitopes inserted at positions 4, 163 and 574 were found to face the extracellular space, while those at positions 271 and 653 were localized intracellularly. These results prove the extracellular location of the Nterminus and they are in harmony with the presence of five transmembrane helices in the TMD0 domain. They are also consistent with the six transmembrane helices structure of the TMD1 domain and support the intracellular localization of the linker regions between TMD0 and TMD1 as well as between TMD1 and the first ABC unit. The construction of a proper membrane-topology model opens new avenues for structure-function studies, especially for the functional dissection of the transporter. Gao et al. [33] expressed two halfmolecules of hMRP in insect cells, the first half consisting of the N-terminal hydrophobic domains (TMD0 and TMD1) and the N-terminal ABC unit, while the second half representing the C-terminal transmembrane domain (TMD2) and the C-terminal ABC unit. They found that neither half of the transporter was capable of transporting one of the physiological substrates of hMRP, LTC 4 , when these parts were expressed individually. However, the coexpression of the two halves reconstituted the ATPdependent transport activity. These results suggest that the two halves of the protein can assemble in their native membrane environment to form an active MRP.
Common Membrane Topology Distinguishes an MRP-Subfamily
In order to identify all probable MRP-related proteins Tusnády et al., [34] estimated the evolutionary relationships by sequence comparisons within the ABC transporter family. A relative similarity dendrogram was constructed, considering the amino acid sequences of all ABC transporters which have at least one ABC unit and one transmembrane domain encoded within the same gene. This analysis indicated that the MDR and CFTR sequences from numerous species grouped into separate subfamilies, while clustering around the MRP sequence, a well-recognizable subfamily was found, containing all the expected MRP-related proteins (Figure 2A) .
Hydrophobicity plots of the sequences of all the analyzed ABC transporter proteins have been calculated, according to the method of von Heijne [35] . These plots were then aligned so that the highly conserved Walker A consensus sequence motifs in the Nterminal (WaA1) and in the C-terminal (WaA2) ABC units were in register. In Figure 2B the aligned hydrophobicity plots of some of the key proteins (printed bold) from each group are presented.
The basic 6 TM helices/ABC unit/6 TM helices/ABC unit structure can be well recognized in each protein. However, in addition to this basic pattern, the hydrophobicity plots in the MRP-related subfamily indicate that all these proteins contain an N-terminally located, large, hydrophobic, membranebound domain, with 4-6 helices (labeled here as TMD0), not present in MDRs or CFTRs. These data suggest that the previous membrane topology predictions for hMRP , cmOATs and EBCR (8 + 4 helices), YCF1 (6 + 6 helices), or SURs (9 + 4 TM helices), yielded variable numbers because of including and/or missing some TM helices both from the CFTR/MDRlike core structure and the N-terminal hydrophobic domain. It is worth mentioning that this comparative analysis would be greatly improved by examining the membrane topology of hMRP3, hMRP4 and hMRP5, but the ESTs currently available for these proteins represent only relatively short partial sequences. Thus their membrane topology analysis is not feasible as yet. On the other hand the hydrophobicity plots of the recently identified MRP-like proteins in C. elegans predicts that they have a similar membraneembedded architecture to that of hMRP as it is shown on Figure 1B [14] .
In the case of hamster SUR1, a possible Nglycosylation site in position 10 was shown to be glycosylated, placing the N-terminal region of this protein to the external surface of the cell membrane [15] . Also, all the mammalian proteins in this group contain one or two possible N-glycosylation sites within the first 25 residues and this site is indeed glycosylated in hMRP as it has been recently demonstrated [31] . These results suggest that the N-terminal regions of all the characteristic mammalian MRP-related proteins may be extracellularly located, and the TMD0 region in general may contain five TM helices.
From the results discussed here [25, 28, [30] [31] [32] 34 ), it appears that with a proper alignment of the protein sequences of the ABC transporters, the MRPrelated subfamily has a characteristic modular membrane topology arrangement. These proteins seem to contain a CFTR/MDR-like domain structure, and an additional, N-terminal hydrophobic region, with a probably conserved membrane insertion pattern, but with a low level of sequence similarity. When this membrane topology pattern was visually compared to that of other ABC transporters, we observed that some 'half-MDR'-like proteins also contain a similar, relatively large N-terminal hydrophobic region. This was especially apparent in the case of the yeast metal resistance ABC transporter protein, HMT1, which transports anionic metal complexes [36] . Since all the MRP-related proteins interact with and/or transport large organic anions, a common functional role of the N-terminal membrane-spanning region may involve such an interaction. From this respect it is noticable that hMRP1 is able to functionally complement YCF1 in a cadmium hypersensitive Saccharomices cerevisae strain [37] .
On the other hand, based on membrane topology studies, the yeast multispecific anion transporter, YOR1/YRS1 [13, 38] which has been listed as an MRP-like protein [10, 34] , may not be a characteristic member of this subfamily. YOR1/YRS1 does possess an extra N-terminal domain, in addition to the CFTR/MDR-like domain arrangement, but this N-terminal domain is less hydrophobic than that in other members of this family, making the formation of multiple membrane-spanning helices less probable in this domain. Similarly, the protein named ABC-C, encoded by a gene with a chromosomal localization near to hMRP1 [39] , is different from other MRP-like proteins: although ABC-C possesses an N-terminal extension, the hydropathy pattern of this region predicts a less hydrophobic domain with no obvious sign of 4-6 transmembrane helices.
In a recent publication the authors state that they isolated a full-length cDNA clone (clone BM4.8), which encodes a protein with 946 amino acids [40] . The predicted protein contains two ABC domains with the characteristic Walker A and B short peptide motifs and only one transmembrane domain with six membrane spanning helices. According to a homology search, the deduced sequence is most closely related to the members of the MRP-subfamily of the ABC transporters, but the protein is much shorter than the established members of this group (e.g. human MRP: 1531 aa; cMOAT: 1545 aa; yeast YCF1: 1515 aa) therefore they designated this protein as short type MRP homolog (SMRP). This would make a novel type of MRP-homolog ABC transporters.
Clone BM4.8 contains a 736 bp 5 untranslated region (5 UTR). We made a conceptual translation of this 5 UTR and found a single open reading frame which expands from pos. 1 to 567 of the 5 UTR and may contain a polypeptide of 189 amino acids. We hypothesized that this polypeptide (or at least a large part of it) is part of the 'missing portion' of the SMRP transcript.
In order to investigate this possibility we have made an extensive domain-domain sequence comparison of SMRP and several ABC transporters, including hMDR1 (as a non-MRP subfamily protein), hMRP1, cMOAT and YCF1. We have included the 189 aa translation product into the comparison as partial Nterminal (TMD1) sequence. We found that SMRP1-189 shares a high degree of identity (26-31%) with the corresponding TMD1 domains of the MRP-like proteins. These values are very similar to those in the TMD2 region (30-32%), which is part of the SMRP protein according to the authors. (As expected, these scores are significantly lower in the case of MDR1; 15 and 17%). As a summary, the SMRP1-189 translation product, 'hidden' in the putative 5 UTR of SMRP, is as 'close' to the MRP-like proteins as the SMRP TMD2 region.
We have also made a hydropathy analysis of the SMRP1-189 translation product, then aligned and compared it to the corresponding region of hMRP1. The two hydropathy profiles are very similar, supporting the above conclusion and revealing that the SMRP1-189 translation product represents a region covering four transmembrane helices (3-6) of the TMD1 domain of SMRP.
On the basis of the above observations we suggest that SMRP represents a partial sequence of a new MRP-homologue [41] . It can also be predicted that this MRP-like transporter has a TMD0 -TMD1 -ABC -TMD2 -ABC organization as other members of the MRP-subfamily. Moreover, the published SMRP (partial) sequence harbours EST277145, which had been asigned as part of MRP5 by an independent study [21] . Indeed, recent overexpression studies of the complete MRP5 cDNA showed a protein of about 160 kDa (J Wijnholds and P Borst, personal communication), a size comparable with the above suggestion.
As a conclusion of this review we suggest that in the case of membrane proteins, in addition to sequence comparisons, topology pattern analysis may significantly help the search for characteristic domains. Mechanistic application of the widely available computerized membrane topology prediction programs may be misleading, while alignments according to strongly conserved domains and considering experimentally confirmed structures may significantly improve such predictions.
